The variability of the ribosomal DNA intergenic spacer (IGS) was analysed in 58 cultivars from a worldwide collection and 14 Spanish landraces of hexaploid oats. IGS sequences were amplified by the polymerase chain reaction using primers complementary to conserved sequences of the ribosomal genes. Twelve IGS length variants ranging from 4090 to3210 bp were observed; some are frequent and distributed worldwide whereas others seem to be restricted to Spanish landraces. Variability in length variant patterns among cultivars and landraces was extensive: a total of 28 different patterns was observed, which included two to six length variants. No variation was detected within cultivars except in six Spanish landraces. Length variants and patterns were unevenly distributed between bred cultivars, in which the longest were frequent, and landraces, in which some of the shortest were observed. No differentiation was found between spring and winter sown material. The possible relationship between IGS length variants and breeding and environmental adaptive responses, other than those related to the spring or winter habit, are discussed.
Introduction
Ribosomal RNA genes (rDNA) are tandemly repeated in large arrays or blocks which occur at one or more chromosome locations; usually each block is designated as a genetic locus. Two kinds of loci have been described in grass species: major loci associated with nucleolus organizing regions (Nor loci), made up of a high number of repeated gene units and clearly expressed, and minor loci made up of a low number of copies and only detected by hybridization techniques (Dubcovsky & Dvorak, 1995) . The basic organization of ribosomal DNA has been maintained in most eukaryotic systems. One repeating unit consists of the conserved 18S, 5.8S and 25S rDNA coding regions and the corresponding internal spacers, and an intergenic spacer (IGS). IGS regions show a great variability in sequence and length between and also within species. Intraspecific IGS length variability is generally caused by different numbers of subrepeats which range in size from about 100 bp to about 400 bp for different plant species (Rogers & Bendich, 1987) . The intergenic ribosomal spacer is a complex regulatory unit fPresent address: Department of Genetics, University of Leicester, Leicester LE1 7RH, U.K. *Correspondence, E-mail: degmpv@unilcen.es 1997 The Genetical Society of Great Britain.
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and rDNA transcription regulatory sequences (polymerase binding, transcription enhancement and termination, etc.) are located in it and therefore could be of importance in gene expression (see Rogers & Bendich, 1987; Clegg, 1990; EcheverrIa et al., 1994) . Sometimes regulatory elements are included in subrepeats and it has been indicated that not only the subrepeat types but also their numbers and their methylation levels are important for transcription (Sardana et a!., 1993) . Thus, ribosomal intergenic spacer variability has been related to important biological and economic characteristics such as development rates in Drosophila (Cluster et a!., 1987) or grain yield in maize (Rocheford et a!., 1990) .
Length variation in the planr:rDNA intergenic spacer has been extensively studicl For instance, Rogers & Bendich (1987) listed 57 species belonging to 32 genera in which data on ribosomal spacer length were available. Recently, the structure of the IGS of hexaploid oat (Avena sativa L.) and the polymorphism of ribosomal DNA between Avena species has been reported (Jellen et a!., 1994; Polanco & Perez de la Vega, 1994) . The IGS of A.
sativa contains five types of tandem subrepeats (named A to E) and three 'long' nonrepeated sequences in addition to short sequences interspaced between subrepeats. Subrepeat lengths were 90 bp in A, 120 bp in B, 150 bp in C, 35 bp in D and 160 bp in E, with minor length variation within each subrepeat family (Polanco & Perez de Ia Vega, 1994 ).
Population surveys of rDNA variation in crop plants and their wild relatives, usually observed as length polymorphisms by means of the RFLP method, have shown that variation in spacer length is common (Clegg, 1990) . Ribosomal DNA variation at the population level can be caused by both heterogeneity among plants and/or heterogeneity within single plants. An individual plant can be heterogeneous with respect to rDNA (and other multicopy genes) because different length variants are: (1) located on different homologous chromosomes, i.e. heterozygosity, (2) associated with different loci or (3) present at the same loci (compound alleles) . This complexity makes the precise analysis of rDNA variation difficult. Oat species are predominantly self-fertilizing, thus wild populations and landraces are usually made up of a mixture of several homozygous genotypes whereas cultivars are characterized by a single homozygous genotype (Singh et a!., 1973; Allard et at., 1993; Perez de la Vega et al., 1994) . Therefore, although rDNA heterogeneity because of heterozygosity should be very low (Polanco & Perez de la Vega, 1995) , heterogeneity caused by the presence of several loci should be common in polyploid oat species such as hexaploid oats in which three major NOR loci and a minor locus have been reported (Fominaya et a!., 1995) . However, a survey of ribosomal DNA polymorphism showed that geographically diverse A. sativa cultivars displayed little rDNA variation whereas A. byzantina displayed more extensive polymorphism (Jellen et a!., 1994). Interest in the genetic variability and genetic relationships among Avena sativa L. landraces, breeding materials, ancestral and advanced cultivars and their implication in adaptedness and genetic improvement has increased recently, as demonstrated in several works ranging from quantitative character variability to isozyme and DNA polymorphisms (Souza & Sorrells, 1991a,b; Lynch & Frey, 1993; Moser & Lee, 1994 analysed from certain accessions. About 50 ng of DNA from each seed was amplified using the touchdown' polymerase chain reaction (PCR) method (Don et at., 1991) and primers described by Polanco & Perez de la Vega (1994) . An initial annealing temperature of 65°C was lowered by 1°C per cycle until 55°C, and then maintained in 30 additional cycles. PCR amplification products were separated in 25 cm long, 1.5 per cent (wlv) agarose gels at 60 V in TAE buffer for 12 h. Presence or absence and intensity (high, medium, and low) of bands in gels was observed after 1 jtg/mL ethidium bromide staining, which was carried out by immersing and gently shaking the gels after DNA fractionation for 20 mm. Samples were randomized in and between gels, the cultivar Cometa was used as PCR positive control, and DNA fragments of the phage lambda at known concentration were also included in the gels. DNA concentration after PCR amplification was estimated by means of a GeneQuant (Pharmacia) spectrophotometer.
Similarities between accessions were estimated using Jaccard or Hedrick coefficients of similarity, and the resulting pairwise similarities were expressed as distance matrices. Jaccard similarity was used to compare uniform accessions. When band intensities were considered, present bands were coded as 111111, 111110 or 111100 according to high, medium or low intensity, and absent bands were coded as 000000. Hedrick similarity was used to compare all accessions, uniform and variable, and the frequency of each length variant in each accession was scored. Cluster analyses were conducted using the unweighted pair-group method (UPGMA) and the resulting clusters were expressed as dendrograms. Unrooted trees were obtained by the Fitch and Margolias method and the PHYLIP 3.5.c computer program (Felsenstein, 1993) . In some comparisons sets of accessions were considered: the Spanish landraces from the Spanish Genebank (14 accessions) on one side, and the world collection (58 accessions), or subsets of them on the other (i.e.
Mediterranean accessions, possible 'old' cultivars).
Results
The analysis of five seeds per accession showed
The Genetical Society of Great Britain, Heredity, 78, 115-123. differences in the IGS band pattern, either in band presence-absence or in band intensity, between accessions but no difference within accessions, with the exception of six Spanish landraces, in which an average of four bands were variable (presenceabsence) out of the eight bands present in these six landraces altogether. Subsequently, five additional seeds from each Spanish landrace and from each of 16 accessions of the world collection were analysed. This second set of seeds confirmed the existence of differences in band (length variant) presenceabsence within some Spanish landraces and the uniformity of cultivars from the world collection.
Sets of five additional seeds from six of the 16 previous cultivars confirmed the pattern uniformity within cultivars.
A total of 12 bands (= IGS length variants) were observed. Their lengths in bp were approximately 4090, 4010, 3970, 3920, 3850, 3800, 3730, 3610, 3570, 3450, 3410 and 3210 (Fig. 1) . These length variants are arranged from left to right in Table 2 and numbered 1-12 in Fig. 2 . Band distribution among oat plants was uneven. For instance, whereas length variants 3730 and 3850 were present in most plants, some others were infrequent; band 4090 was infrequent among Spanish landraces but relatively frequent among plants of the world collection; the shorter variant, 3210, was observed only in accessions from the Iberian Peninsula, in Spanish landraces and in the Portuguese accession Quinnoces (Fig. 1) . Thus, some length variants are distributed worldwide in most plants and cultivars whereas others are restricted in their distribution to the Spanish collection and/or to some cultivars of the world collection. According to the length of subrepeats in the spacer, the different IGS length variants can be conveniently explained by differences in the number of B, D or E subrepeats (Fig. 1) Length variants are arranged from left to right in decreasing length; 1 = presence, 0 = absence. Patterns are grouped according Fig. 2 clusters. The bottom group includes patterns only observed in variable Spanish accessions and not included in Fig. 2 these sets and the remaining variants can be explained by the addition of an E subrepeat or two D subrepeats. On the basis of band presence-absence, a total of 28 banding patterns was observed. Pattern distribution was highly uneven, with only four patterns being shared by the cultivars and the Spanish landraces ( Table 2 ). The number of IGS variants present in patterns ranged from two to six, but the most frequent patterns showed three or four bands. The two most frequent variants, 3850 and 3730 (5th and 7th from left in accessions. Patterns including these two variants together with variant 3970 represent 37 per cent of plants and 46 per cent of accessions. The most common pattern, designated I, included these three variants together with the largest variant, 4090. This largest variant is infrequent in Spanish landraces (it is also infrequent in other 'primitive' cultivars, as will be further discussed) and so banding patterns including it are also infrequent in Spain (Table 2) . Length variants 4090, 3970, 3850 and 3730 (bands 1, 3, 5 , and 7 in pattern order) seem to be the basic set of variants because all the patterns have at least one and all except three patterns (N, 0 and Z) have at least two of these variants. No association was observed between ribosomal IGS patterns and the spring or winter habit (Table 1, Fig. 2 ). The result of the UPGMA showed clustering of uniform accessions using Jaccard similarities when band intensities are considered. Some characteristic clusters can be distinguished: two including medium size variants (I and III), cluster II which includes all the accessions with the largest variant (4090 bp) except Appaloosa (pattern Al), cluster IV with the Iberian accessions including the shortest variant (3210 bp), and finally the heterogeneous cluster V. Clusters I, II and IV were almost unchanged when band intensities were not considered and either Jaccard or Hedrick similarities were used (data not shown).
In order to analyse the relationships among IGS patterns, unrooted trees were constructed using Jaccard and Hedrick indices, neglecting band intensities (Fig. 3) . Using the Jaccard index, all 28
patterns were compared. When the Hedrick index was used the frequency of each length variant was scored in variable accessions and in one of the uniform accessions representing each banding pattern. Both trees show a similar topology, where patterns M and K (with only the two or three most frequent and widely distributed length variants) are near a central radiating node, and patterns forming each branch are almost identical and resemble the clusters described in the dendrogram of Fig. 2 . It can also be seen that the patterns exclusively observed among Iberian accessions (Spanish landraces and the Portuguese cultivar Quinnoces) are mainly included in two branches in both trees.
Discussion
The IGS variability in oat accessions agrees with previous data on isozyme variability. Whereas Spanish landraces show high levels of isozyme genetic variability (Gómez et al., 1991) , hexaploid oat bred cultivars are usually monomorphic, or nearly so, even for the most polymorphic plant isozyme systems, as has already been pointed out in a classic paper (Singh et a!., 1973) .
Hexaploid oat ribosomal spacer length variants seem to be characteristic of different kinds of acces- sions; whereas the longest ones are relatively frequent among bred cultivars, the shortest ones are characteristic of landraces and 'old' cultivars. In particular, the longest one is rare in Spanish landraces (it is present only in 6.35 per cent of plants), whereas it is highly frequent among bred cultivars. For instance, it is present in 14 out of 16 cultivars from the USA and Canada and eight out of nine from the United Kingdom. The second longest variant was observed in seven of the USA cultivars in addition to a single cultivar from each of Argentina, Finland and Italy. On the other hand, the two shortest variants were observed only in Spanish landraces and in the Portuguese cultivar Quinnoces. Climatic factors can also play a role in the distribution of length variants; when the frequency of variants common to the Spanish landrace set and the worldwide set, and several subsets from the latter were compared, the Spanish landraces were found to be similar only to the 'old' Mediterranean cultivar set. Patterns observed in landraces and 'old' cultivars seem to be closely related and quite distinct from most of the patterns observed in bred cultivars. In unrooted trees (Fig. 3) , patterns K (variants 3970, 3850 and 3730) and M (variants 3850 and 3730) are located near the radiation point, which suggests a possible original kind of pattern from which other patterns could have originated. IGS variability has been related to important breeding aspects such as grain yield in maize (Rocheford et al., 1990) , and with the adaptation to environmental factors in Hordeum and Avena species (Saghai-Maroof et a!. , 1990; Cluster & Allard, 1995 This result agrees with the variability observed in wild diploid and tetraploid oat species by RFLP analysis using radioactive and nonradioactive probes (Cluster & Allard, 1995; Polanco & Perez de la Vega, 1995) , but contrasts with the RFLP results obtained by Jellen et al. (1994) . The latter study reports that 14 out of 15 accessions of geographically diverse A. sativa showed two constant variants of 2.6+7.5 and 10.5 kb, produced by the presence (2.6+7.5) or absence (the total 10.5 length of the rDNA repeat) of an EcoRI site in the IGS, whereas A. byzantina accessions showed two or three variants (the same two as A. sativa and some additional IGS size variants). According to the IGS sequence (Polanco & Perez de la Vega, 1994 ) and the restriction map (Jellen et at., 1994) , the position of the variable EcoRI site should be located just upstream of the B subrepeats, and hence upstream of most of the possible variable subrepeats. Therefore, most of the IGS variability must be included, and probably undetected, in the longest fragments of about 7.5 kb (which includes most of both the transcribed and the spacer rDNA) and 10.5 kb (the whole rDNA repeat). Another possible explanation for the higher polymorphism observed by PCR than by RFLP could be the amplification to an observable level in gels of IGS copies in the minor locus which are undetectable by some RFLP or in situ procedures.
This point raises the question as to whether all minor variants can be amplified by PCR to detection level and all minor loci can be easily detected by in situ hybridization because, for instance, minor sites vaiy in having between 5 and 100 copies (Leitch & Heslop-Harrison, 1992) in barley. In fact, whereas only three major rDNA loci were reported by in situ hybridization of radioactive probes (Jellen et a!., 1994) , an additional minor locus was detected by fluorescence in situ hybridization (Fominaya et at., 1995) .
In this study we have used a PCR amplification technique using primers complementary to internal conserved ribosomal sequences (Polanco & Perez de la Vega, 1994) . This method has proved to be useful in the analysis of the IGS oat variability: each pattern was repeatable in band number, position and relative intensity. It is worth mentioning that, in addition to the sample size of 15 seeds analysed in several cultivars, Cometa seeds have been used as standard in other experiments and they always showed the same pattern. It can be observed (Fig. 2) that there is no correlation between the length of each variant and its intensity; for instance, in I
The Genetical Society of Great Britain, Heredity, 78, 115-123. patterns where length variants 4090, 3970, 3850 and 3730 are present, any of the variants can show high, medium or low intensity (copy number) depending upon the cultivar. Thus, it seems that, at least for oat IGS, PCR amplification does not depend as much upon the length of the sequence as upon the relative number of original copies characteristic of each cultivar genotype.
